The present paper represents comparison of continuum shells and latticed shells with qualitative analysis. For shells, the mechanical characteristics in the two perpendicular directions are continuous and related to each other, and any change in thickness will result in change in stiffness in any direction. In latticed shells, members are discrete and stiffnesses in two mutually perpendicular directions are discontinuous and independent of each other. Therefore, sensitivity of geometrical imperfection for buckling of latticed shells should be different from that of continuum shells. The author proposes a shape optimization method for maximum buckling load of a latticed shell. A single layer latticed dome is taken as a numerical example, and the results show that the buckling load parameter for full area loading case increases 32.75% compared to that of its initial shape. Furthermore, the numerical example demonstrates that an optimum latticed shell with maximum buckling load, unlike an optimum continuum shell, may not be sensitive to its geometrical imperfection.
Introduction
 Shape optimization for maximum buckling load of latticed shells (single layer space frames), especially maximizing the nonlinear buckling load, is still a citadel in the fields of mechanical analysis and structural engineering [1] . Furthermore, shape optimization against buckling is always followed by sensitivity analysis of initial geometrical imperfection, which is an attractive theme for all practical purposes. Papers on optimization for maximum buckling load of continuum shells have been published in the past issues, and many of them pointed out that an optimum shell is very sensitive to its geometrical imperfection which causes buckling load reduction [2] . Furthermore, latticed shells are always treated as continuum shells for engineering approximation. Therefore, mechanical manners for continuum shells may easily be applied to latticed shells, and associated with that an optimum latticed shell with maximum buckling load may be very sensitive to its initial imperfection as a continuum shell does. However, this is not the final conclusion. It is necessary to detect the mechanical differences between continuum shells and latticed shells, and consequently come to the conclusion that if an optimum latticed shell must be sensitive to its imperfection and causes buckling load reduction.
Therefore, the present paper attempts to compare the mechanical characteristics of continuum shells and latticed shells with a qualitative analysis manner, and proves that the optimum shape of a latticed shell with maximum buckling load may not be sensitive to its geometrical imperfection. Hence, the author proposes a shape optimization for maximum buckling load of a latticed shell, and demonstrates its buckling load reduction caused by geometrical imperfection.
Imperfection of Continuum Shells and Latticed Shells
Pioneering works on the shells and space frames for buckling load reduction due to geometrical imperfection have been issued. Ramm and Wall [2] indicate that shells may be extremely parameter sensitive especially if it is built with super-symmetry shape or high stiffness [2] . It was shown by Reitinger and Ramm [3] that more insensitive structure can be obtained by maximizing the buckling load of the imperfection shapes instead of the perfect shape. In addition, they indicated that mechanically sensitive problems will be and need to be also numerically sensitive for numerical analyses. On the other hands, Osaki and Ikeda [4] explained that in the case of the hill-top branching, the buckling loads of imperfect systems are piecewise linear functions of imperfection parameter, and showed that its imperfection sensitivity is lower than the case where a bifurcation point exists independently.
Thought latticed shells are similar to continuum shells in out form and always treated with theories of shells, their nonlinear behaviors are not the same. Therefore, sensitivity of imperfection for buckling of continuum shells should be different from that of latticed shells. For a good understanding of the mechanical differences between continuum shells and latticed shells, the author compares the mechanical characteristics of the two in Table 1 . For a latticed shell shown in the table, the stiffness in same direction, K x and K x ' for example, may be discontinued, and the stiffnesses in different directions K x and K y , may be completely independent. On the other hand, changes in thickness of a continuum shell must lead to the changes in both K x and K y , as well as bending stiffness. Furthermore, an ideal shell requires thin thickness for small bending, and then its buckling load is sensitive to its shape parameters.
Because a latticed shell may be built with anisotropic and discontinued stiffness, it may be designed with suitable members in latitude direction to stiffen the members in meridian direction for high buckling resistance. Such a significant effect is very difficult to be obtained for a continuum shell, unless it is built by orthotropic material or stiffeners. Kassegne and Reddy [5] indicated that stiffeners of a shell wall, can increase the critical load (the buckling load), and multiple stiffeners increase the critical load very significantly. More researches by Yamada and Yano [6] indicated that the buckling behavior of a shell with orthotropic material may not be sensitive to its shape imperfection comparing with the isotropic ones.
However, the numerical example in the present paper, as will be shown in Section 4, demonstrates that an optimum shape with maximum buckling load of a latticed shell may not be sensitive to its shape imperfection. Therefore, the author promotes an inference in the following: For a latticed shell as well as a shell with orthotropic material and suitable stiffeners, its optimum shape with maximum buckling load may not be sensitive to its geometrical imperfection. Table 1 Comparison of mechanical characteristics between shells and latticed shells.
Shells
Latticed shells (single layer space frames)
Built by thin continuum in curvature Built by discrete members The stiffness K x and K y are continue respectively and related to each other
The stiffness Kx and Ky are discontinue respectively and independent with each other Changes in thickness lead to the changes in bending stiffness Member section changes cause slight changes in global bending stiffness
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However, this inference is a challenged topic to be demonstrated by theoretical and experimental manners.
Shape of Maximum Buckling Load
In order to demonstrate the characteristics of latticed shells with optimum shape of maximum buckling load, the author proposes an optimization method and shows a numerical example consequently. Though the researches on optimization for maximum buckling load of thin shells as well as laminated walls have been carried out [7, 8] , the author and his co-author(s) proposed a strategy to find the optimum shape of maximum buckling load of latticed shells. The proposed optimization expresses the buckling load as an explicit function (objective function), and employs the sensitivity/derivatives of the objective function with respect to the design parameters [9, 10] , as will be demonstrated in the next parts.
Formulation of the Optimization
Because the proposed optimization targets on nonlinear buckling load, it is necessary to solve the nonlinear equations of equilibrium and search for the critical point on the equilibrium path for every step of the optimization process. In general, a nonlinear structural analysis is based on the incremental equation shown below:
where, K is the tangential stiffness matrix, d is the vector of changes in displacements D = {D i }, f is the load mode vector, and λ is the change in load parameter
of the nonlinear analysis). For a common analysis procedure, the load mode vector keeps constant, and its coefficient, the load parameter, is increased step by step by the iteration. Many numerical techniques, such as Riks-Method, load incremental and displacement incremental methods are developed to find the equilibrium path (load-displacement curve) [11, 12] , and the buckling point can be obtained as a limit point or a bifurcation point in the load-displacement curve.
For the convenience of the mathematic analysis, the load parameter can be expressed as an explicit function by following manners. Firstly, a vector b can be defined by the following equations:
where, N is the number of nonzero elements of the load mode vector f = {f i }. Then, an explicit function of the load parameter at incremental step u can be obtained as the following equation:
A structure should be able to support multi-loading cases. In addition, the buckling capability as well as the optimum shape depends on the loading cases (loading modes). Therefore, weighting function method is adopted to establish the objective function for multi-loading modes as that 
Then, the objective function of the optimization is in form:
where, where, X is the vector of the design parameters of joint coordinates with n elements, and U the other design parameters vector with m elements. Eq. (7) indicates the equality constraints, Eq. (8) indicates the inequality constraints, and these conditions make a constraint space of the optimization. In the optimization, n + m design parameters of X and U may be changed to reach the maximum of the objective function F and buckling load parameters i  (i = 1, 2, …, l) as well.
Solution Method for the Optimization
In the present paper, the author attempts to solve the problem by GRG (general reduced gradient) method [13] , which is efficient to find the optima in the vicinity of the initial design parameters. In GRG, the incremental direction of the objective function is defined by the derivative of the objective function with respect to the design parameters. The derivative of the objective Eq. (6) with respect to design parameter X and U can be obtained in the form of:
In fact, the design parameters may not be coordinates of joints, but sub geometrical design parameters such as diameters, rises, lengths, etc.. The sub geometrical design parameters q = (q 1 , q 2 , …, q r ) must be related to X and U by a suitable function X as following: (10) Hence, the incremental direction of the objective function with respect to the sub geometrical design parameters is in the form:
where,
, J is the Jacobian matrices for the conversion Eq. (10). In order to reach the maximum of the objective function F, the sub geometrical design parameters should be changed in the following form:
where, k is the step number of the optimization iteration and α a suitable step length. For every step
is expected, so that the buckling load can become bigger and bigger. However, the Kuhn and Tucker condition should be checked for whether an optimum point is reached.
Numerical Analysis Example
The Example
A single layer space frame shown in Fig. 1 is taken as the example for the numerical analyses. It is a dome of revolution with a definite rise and a rigid structure at the top, because such a top structure can resist dome buckling and makes a good connection between members at the top. Then, the joint coordinates and member sections can be found by the present optimization method.
The initial shape of the dome is a truncated sphere with H = 300 cm in rise and R = 1,500 cm in radius (Fig. 2) . The radius of the rigid top structure is r = 500 cm. The dome is constituted by pipes with 3.5 cm in The geometrical parameters in the two cases are independent variables and no equality constraints are introduced. As an economic condition, an inequality constraint is adopted in the form: the structural volume is less than or equal to 660,000 cm 3 , while the initial structural volume is 614,000 cm 3 . 
The Result of Case 1
Comparison of the initial shape with the optimum shape is shown in Fig. 4 . Table 2 shows the changes in the design parameters.
It shows that the joints of the dome should be changed inside its initial shape (a truncated sphere) for a bigger buckling load. Fig. 5 shows the load-displacement curve, and bifurcation buckling appearing at a point of second ring of the dome where the position of point "a" is indicated in Fig. 3 . By the present optimization, the buckling load for full area loading mode increased 18.42% compared to that of its initial shape, which is a result with changes in dome curvature only.
The Result of Case 2
Case 2 is an optimization due to multi-loading modes. Fig. 5 The load-displacement curves at point "a" (the position of "a" is shown in Fig. 3 ). Optim 148 Fig. 6 show procedure. parameters. meridian dir that in latitu changes. Th of a lattice buckling res
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ved from the ase 1. The uckling mode loading case fect point in In Fig. 10 , the buckling load parameter for the imperfection derived from the optimum shape is bigger than that for the imperfection derived from its initial shape. The displacement at the buckling point for the imperfection derived from the optimum shape is smaller than that of its initial shape. This result indicates that the imperfect shape derived from the optimum shape may buckle at a small deformation, but can support a bigger load comparing to that of its initial shape. Fig. 10 The load-displacement curves of point "a", shape imperfection for case 1 (full area loading case, point "a" is shown in Fig. 3) . Fig. 11 The load-displacement curves of point "a", shape imperfection for Case 2 (full area loading case, point "a" is shown in Fig. 3 ). Fig. 11 shows the load-displacement curves of the imperfect shapes derived from the optimum and initial ones of Case 2. The imperfection mode is the bifurcation buckling mode of the optimum shape due to the full area loading case, and the ratio of the maximum imperfection is the same as Case 1. It is found that both the load parameter and the displacement at the buckling point for imperfection derived from the optimum shape are bigger than that of its initial shape. This result means that the optimum shape for Case 2 is more stable than that of Case 1. Consequently, an optimum shape with maximum buckling load may not be sensitive to its shape imperfection. Because both the dimensions of shape and member sections are taken as the design parameters in Case 2, the optimization are more efficient than Case 1.
Conclusions
By mathematical analysis and numerical examples, the author demonstrated that the proposed optimization is effective to find the optimum shape of maximum buckling load. However, this method can find the optima in the vicinity of the initial design parameters, but it may not be efficient to find the global optima in constraint space. The present optimization can determine the member sections automatically and output more information for the structural working design.
The numerical example demonstrated that an optimum shape with maximum buckling load may not be sensitive to its shape imperfection, especially when member section dimensions are taken as design parameters. Nevertheless, mathematic theories of imperfection sensitivity analysis for the present optimization appear as interesting subjects for further researches.
By analyzing the mechanical differences between continuum shells and latticed shells (single layer space frames), the author infers that the two structural systems have different mechanical characteristics, and an optimum shape of a latticed shell as well as an orthotropic shell with maximum buckling load may not be sensitive to its geometrical imperfection.
